In recent years, carbon nanotubes (CNTs) have emerged as a promising candidate for improving the flame retardancy of polymer materials, as well as other physical properties. However, few researches have been focused on the influence of this nanoscale material on the combustion toxicity of polymer composites during combustion. In this work, the fire toxicity of polypropylene (PP) composites with intumescent flame retardants (IFRs) and CNTs has been investigated by a Purser Furnace apparatus, which is called steady state tube furnace (SSTF) and enables different fire stages to be created. The Thermo gravimetric analyzer (TGA) and derivative thermo gravimetric analysis (DTG) data indicate that the thermal stability of PP composites was increased by the addition of IFRs or CNTs. However, the SSTF results show that PP samples with IFR or CNTs or both, produced much more carbon monoxide (CO) compared to neat PP during all fire stages, resulting in a much lower CO2/CO ratio. Furthermore, an interesting finding is that the effect of CNTs on the smoke production and CxHy yield of the PP samples during the combustion changes with the combustion equivalence ratio. It indicates that the presence of CNTs promote the formation of smoke particulates from hydrocarbon, but this effect only exist when oxygen supply is not adequate. It is also concluded that the air ventilation and combustion temperature play significant roles in the fire effluent production of PP samples and the morphology of soot particulates.
Introduction
Polypropylene (PP) is a widely used synthetic polymer, and has been applied in many fields, such as industry, construction, electronic devices. To meet the growing requirement of addressing the flammability of all materials, particularly for the synthetic polymeric materials, flame retardant technology has been a substantial development in recent years. The IFRs, typically consisting of three ingredients: acid source, carbon source and blowing agent, have become the major choice as non-halogen flame retardants for PP [1] [2] [3] . In recent years, nano materials have attracted considerable attention as the next generation of reinforcement materials for polymer. The addition of nanoscale materials, such as CNTs and graphene can significantly enhance the flame retardant, electrical, thermal properties, etc. of polymers, and thereby the applications of polymer materials are broadened [4] [5] [6] . Few researches has been done on the fire toxicity of these polymer composites during the combustion, however, fire toxicity has been proved to be the main cause of fire death [7, 8] .
In general, fire toxic gases contain the following two parts ： 1. Asphyxiants: CO, hydrogen cyanide (HCN). 2. Irritants: hydrogen chloride (HCl), hydrogen bromide (HBr), organic irritants (acrolein and formaldehyde, etc.), oxides of nitrogen (NO x) and sulphur (SOx).
Among these toxic gases, CO is generally considered to cause the greatest number of fire deaths, because it can impede escape and intensely increase the chance of becoming trapped [9] . Fire effluents, including particulate matter, can penetrate deep into lung, and cause interstitial and luminal oedema [10] .
The real fire develops from smoldering combustion and early well-ventilated flaming, to fully develop under-ventilated flaming. The under-ventilated stage has been considered to be the most toxic fire stage. In prior publications, cone calorimeter and NBS smoke chamber are usually used to assess the fire toxicity of polymer composites. However, it is difficult for these bench-scale test models to replicate certain fire stages, which would result in the uncertainty and unreliable test data to reflect the combustion toxicity of samples in real fire.
The steady state tube furnace (SSTF) (BS 7790 and ISO TS 19700) used in this article is both a standard test apparatus and research tool that can provide building engineers and designers with valuable data of fire hazard. The significant advantage of this apparatus over other techniques is its capability to replicate each stage of fire development [11, 12] . The SSTF has been used by Hull T.R. and Stec A.A. to study the combustion toxicity of PP, polyamide 6 (PA6), polyvinyl chloride polymer (PVC) and ethylene-vinyl acetate copolymer (EVA) composites with some fillers, such as clay, halogen flame retardants, aluminium hypophosphite [13] [14] [15] [16] .
The SSTF is capable of directly controlling of the furnace temperature, fuel mass and air supply. Although the flaming fires are broadly classified as well-ventilated and under-ventilated fire, a more sophisticated equivalence ratio ϕ is employed to define different fire stages in ISO 19700 tube furnace standard. Where ϕ=1: 'stoichiometric' combustion; ϕ<1: well-ventilated fires (fuel lean flames); and ϕ>1: under vitiated fires (fuel-rich flames). It is well established the fire effluents are critically dependent on this ratio.
The aims of this work are to investigate the effect of the additives (CNTs, IFR), equivalence ratio and temperature the fire toxicity of PP composites, and to make accurate assessment of the fire safety of these composites. The present work will give rise to a better understanding of the combustion mechanism of polymeric composites.
Experimental

Materials
The virgin PP (F401 homopolymer) was supplied as pellets by Yangzi Petrochemical Co., Ltd. (China). Maleic anhydride grafted polypropylene (MAPP, 1.0-2.0 MA %) was kindly provided by Keyan Company (China). Ammonium polyphosphate (APP, phase II) form was supplied by JLS Company. Pentaerythrite (PER) was obtained from Ruiyang Chemical Company. Multi-walled Carbon Nanotubes (MWNTs) was purchased from BASF, with the diameter being 20-50 nm, and the length being at least of the order of micrometers. Xylene and sulfuric acid (H2SO4, 98%) were purchased from Sinopharm Chemical Reagent Co., Ltd. (China). Nitric acid (HNO3, 98%) was bought from Guangfu Fine Chemical Research Institute (China).
Preparation of PP nanocomposites
The MWNTs was purified and acidified by H2SO4 and HNO3 (1:3 by volume) in an ultrasonic bath at 50 o C for 4 h, after that, it was then filtrated. The excess acid was washed thoroughly with deionized water until the pH value reached 7. The acid-treated MWNTs (a-MWNTs) were dried at 80 o C in a vacuum oven overnight and then grinded into powder with a carnelian mortar. The PP/CNTs nanocomposites were prepared by masterbatch-melt blending process, as shown in Figure 1 . Firstly, 1.0 g a-MWNTs were dispersed in 110 mL xylene in a three-necked round-bottom flask via vigorous ultrasonication and stirring at 135 o C. Then, 9.0 g PP was added to the above dispersion. After ultrasonication and stirring for 2 h, the black slurry obtained was dried in an oven at 120 o C for 12 h, then cut into small platelets and further dried at 130 o C in a vacuum oven for 6 h. The mass fraction of a-MWNTs in the masterbatch is 10 wt%. Table 1 . 
Characterization and measurements
TGA tests were conducted using a TA Q5000 IR (TA instruments) thermo-analyzer. The samples (approximately 5 mg) were heated from 30 to 700 o C at a linear heating rate of 20 o C /min under an air flow of 60 mL/min. The samples were run in triplicate, the temperature reproducibility of the instrument is ±1 o C, while the mass reproducibility is ± 0.2%.
The morphologies of the soot particulates of PP composites after combustion were observed using a JSM-6800 F scanning electron microscope（SEM）produced by JEOL. The surfaces of the samples tested were first sputter-coated with a thin layer of gold before the observation.
Transmission electron microscopy (TEM, JEM-2100F, Japan Electron Optics Laboratory Co., Ltd.) was employed to investigate the micro-morphology of the PP nanocomposites. PP/CNTs nanocomposites was cut into ultrathin sections using a CM1900 microtome (Leica, Wetzlar, Germany). The ultrathin sections were transferred from water to carbon-coated copper grids and then observed by TEM.
The SSTF in Figure 2 is a small-scale fire apparatus designed to replicate the different stages of fire. Fuel and air are introduced into the furnace at a certain ratio, enabling the equivalence ratio ϕ to be controlled, based on the knowledge of the material composition and its stoichiometric oxygen requirement. The samples in the form of granules or pellets are gradually introduced into the tube furnace at a constant feed rate. A current of air is passed through the furnace over the specimen to support combustion. The combustion effluent is expelled from the tube furnace into a mixing and measurement chamber, where it is diluted by secondary air flow. The decomposition conditions in the furnace are set by using various combinations of temperature, feed rate and air flow in separate runs, in order to simulate different range of fire stages as required. For these experiments, the corresponding experimental parameters are listed in Table 2 . Non-dispersive infrared (NDIR) (Gasboard-3100, Wuhan cubic optoelectronics Co., Ltd.) and was used to quantify the combustion products. A laser light and photo cell system was used to determine smoke density across the mixing and measurement chamber. CxHy concentration was detected by an electrochemical analyzer (KM-9106, Kane International Ltd.), and recorded the average during 5 minutes at steady state. Soot particulates were collected by Whatman glass microfiber. Figure 3 shows the TEM image of the ultrathin section of PP composite with 1 wt% a-MWNT. By acidified modification of CNTs and masterbatch preparation method, it is clear that the a-MWNT is dispersed individually and homogeneously throughout the PP matrix with an average bundle diameter of 40 nm. 6 Figure 3 TEM image of PP composite with 1 wt% a-MWNT
Results and discussion
The dispersion of CNTs in PP matrix
Thermal Properties
As shown in Figure 4a , the neat PP shows one-step mass loss in the temperature range of 265-370 o C, while the PP/IFR sample shows a first step of small mass loss between 150 and 260 o C, followed by a rapid mass loss between 300 and 440 o C. The first stage decomposition may be attributed to the phosphorylation reaction of PER by APP with the release of H2O and NH3. And the latter may be due to further dehydration, deamination and phosphorylation, finally leading to the formation of cross-linking structures [17] . Table 3 , it is obvious that PP samples with CNTs exhibit higher T50 and Tmax compared with those without CNTs, which means an improved thermal stability of the composites. The addition of CNTs significantly hinders the thermo-oxidation of PP and PP/IFR in the stages of decomposition. The prior studies have demonstrated that CNTs may easily trap a number of free radicals and decrease the decomposition rate of PP, thus enhancing its thermal stability [18, 19] . T10: the temperature obtained from TGA curves at which 10% mass loss occurs; T50: the temperature obtained from TGA curves at which 50% mass loss occurs; Tmax: the temperature obtained from DTG curves at which the maximum mass loss rate occurs;
Toxic product and Smoke
The SSTF method (ISO 19700) relies on the establishment of a steady state for at least 5 min in 20 min burning time. It is important to recognize that all the samples should maintain the same PP mass. The yields of toxic effluent were expressed as grams per gram of polymer, rather than as grams per gram of sample.
O2 consumption and CO2 Yield
From Figure 5 and 6, it is evident that the O2 consumption and CO2 yield for all the PP samples show a uniformly decreasing trend as the equivalence ratio increases, indicating that the combustion efficiency is highly dependent on this ratio. CNTs and IFR have different effect on the combustion of PP especially for the different fire conditions. For well-ventilated conditions (ϕ<1), the presence of IFR and CNTs result in higher O2 consumption and CO2 yield. However, for the ventilated conditions (ϕ>1), opposite effect is found. Furthermore, the combustion temperature has an unmarked effect.
The lower combustion efficiency under-ventilated condition may be attributed to the formation of a protective char residue by IFR, and the introduction of CNTs can further promote the formation of this protective layer, due to its net structure in the PP matrix. However, when the oxygen supply is enough, the combustion of PP samples becomes so rapid that the protective layer cannot be formed in time. Figure 7 shows the CO yield of various PP samples under the different fire conditions. As the equivalence ratio ϕ increase, the CO yield increase for all PP samples, and reach a maximum value at ϕ=1.5. Similar results have been reported in low density polyethylene (LDPE) by Stec A.A. et al. [20] . It is apparent that the less oxygen supply leads to a lower combustion efficiency, and thus less CO is oxidized to CO2. The addition of IFR results in a higher CO yield compared to neat PP under each fire conditions, and the introduction of CNTs makes the growth larger. These results confirm the hinder effects of IFR and CNTs on the combustion of PP, which have been proved to benefit the thermal property and flame retardancy. It is quite clear from Figure 8 that the CO2/CO ratios of all samples under-ventilated conditions are all less than 10, which is much lower than that under well-ventilated conditions. Furthermore, both IFR and CNTs can decease the CO2/CO ratio, indicating much lower combustion efficiency and higher fire toxicity. The improvement in flame retardancy of PP composites with IFR and CNTs is based on higher fire toxicity according to the CO yield result and CO2/CO ratio.
CO Yield and CO2/CO ratio
The CO yield slightly increase at higher combustion temperature, especially for PP/IFR. At 825 o C, PP/IFR and PP/IFR/CNTs have the lowest CO2/CO ratio (around 4）at ϕ=1.5. 
Smoke Density
The smoke density of the PP samples under different fire conditions is characterized by specific extinction area (SEA), as shown in Figure 9 . The SEA of PP/IFR is almost twice the value of neat PP under each fire condition at 650 o C. The smoke density curves of PP and PP/IFR samples show very similar trend, and both of them reach the maximum smoke density at ϕ=1. It is obvious that the addition of CNTs decrease the smoke density of both PP and PP/IFR samples under well-ventilated condition (ϕ<1). However, this beneficial effect becomes weaken continuously as the equivalence ratio increase, and finally turns to adverse effect. Furthermore, the combustion temperature also has a significant effect on the production of smoke, and at 825 o C, the smoke density of all the PP samples increases dramatically compared to these at 650 o C.
11 Figure 9 Smoke density of PP with IFR and CNTs additives Figure 10 presents the concentration of CxHy released from the combustion of PP samples under different fire conditions. For well-ventilated conditions, a consistently low CxHy concentration (less than 50 ppm) is observed for all PP samples. However, a much higher CxHy concentration (over 800 ppm) for neat PP sample is obtained for under-ventilated conditions. The CxHy concentration drops to 100-200 ppm at 825 o C with ϕ>1. It can be supposed that more hydrocarbon was transformed to smoke particles or CO at higher temperature, which is in accordance with the smoke density results of PP samples. Furthermore, it is noticeable that the addition of CNTs decreases the CxHy release, particularly for under-ventilated conditions, so it indicates that the presence of CNTs shows the similar effect on promoting the formation of smoke particulates from hydrocarbon, but this effect only exist when oxygen supply is not adequate.
CxHy concentration
12 Figure 10 Hydrocarbon yield of PP with IFR and CNTs additives
Smoke Particulates
SEM was used to analyze the morphology and determine the extent of coagulation and agglomeration of the soot particulates collected from the PP samples under each fire condition.
As shown in Figure 11 , the soot particles generated during the combustion of various PP samples under well-ventilated and under-ventilated conditions (both at 650 o C) present similar morphology. However, the soot particles formed much larger sizes at higher temperature (825 o C), especially for the PP/IFR and PP/IFR/CNTs samples. These results indicate that the agglomeration of soot particulates is most likely to occur under large under-ventilated condition. Furthermore, the presence of IFR have obvious promotion effect on the agglomeration degree of soot particulates under high temperature.
13 Figure 11 
Conclusions
In this work, PP composites with CNTs and IFR were prepared, and thermal stability, flame retardant properties and combustion products of PP samples were studied. From the TGA data, the beneficial effect of IFR and CNTs on the thermal stability of PP samples is elucidated. The following SSTF tests revealed the toxic combustion effluent of PP composites with IFR and CNTs. For all combustion conditions, the addition of IFR and CNTs results in higher CO yield and much lower CO2/CO ratio, indicating the increase in toxicity of fire effluent. A reasonable explanation can be that, the influence of IFR, which forms a protective layer, seems to have a promotion effect on the yield of CO both under well-ventilated and under-ventilated condition. Likewise, the addition of CNTs, which forms a network in PP matrix, is supposed to strength the protective layer, and gives rise to the higher CO yield.
Due to the hinder effect of IFR on the combustion of PP samples, PP/IFR produces more smoke under all combustion condition compared to neat PP. However, the effect of CNTs on the smoke production changes from suppression to promotion as the equivalence ratio increases. The strong relationship between hydrocarbon and smoke production is revealed. Higher combustion temperature, as well as CNTs, suggests to accelerate the conversion of hydrocarbon to smoke particulates.
The soot particulates produced by the combustion of PP samples were collected and characterized by SEM. It is manifest that the agglomeration extent of particulates is dependent on the combustion temperature. Under higher temperature, a much more agglomerated 14 morphology of soot particulates is observed. However, both IFR and CNTs show invisible influence on the morphology of the particulates.
It is also important to recognize that fire toxicity is mostly dependent on the combustion conditions. To make clear of the fire toxicity of materials under this particular combustion environment is necessary for fire engineers and material designers.
